Abstract: A self-starting triangular waveform and microwave signal generator based on a dual-loop optoelectronic oscillator (OEO) is proposed. In this scheme, two continuous waves (CWs) with different wavelength are emitted from two laser diodes (LDs) to form two feedback loops in an OEO system. When the oscillation is established and the modulation index of the Mach-Zehnder modulator (MZM) is set to be 0.752, a triangular waveform could be generated by the superposition of the two oscillation signal envelopes on photodetector with appropriate time delay between two wavelength channels. Although the proposed system is similar to a traditional dual-loop OEO and no more devices are required, it is not only a microwave signal source with high side-mode suppression ratio (SMSR) but a triangular waveform generator simultaneously as well. The operation principle is theoretically analyzed and stimulated. In experimental demonstration, the full-duty-cycle triangular waveform signal and high-quality microwave signal at 5 GHz can be achieved simultaneously. In addition, the experiment result shows that the variety of the modulation depth for triangular waveform generation does not influence the quality of the generated microwave signal.
Simultaneous Triangular Waveform Signal and Microwave Signal Generation Based on Dual-Loop Optoelectronic Oscillator

Introduction
Photonic generation of arbitrary microwave waveforms has been a hot and widely investigated field because of its important applications in radar systems, microwave signal processing, wired and wireless communication [1] - [5] . Traditionally, arbitrary microwave waveforms are generated by electronic methods but the frequencies of the generated signals are usually below 10 GHz due to the limited bandwidth of electronic devices. Moreover, electronic techniques also have other shortcomings, e.g., poor reconfigurability, large loss, vulnerability to electromagnetic interference, and so on. With the development of photonic technology in recent decades, these defects in electronic technology could be effectively overcome. Therefore, lots of new approaches which take advantage of photonic technology to generate arbitrary microwave waveforms have been reported in recent years.
In a variety of microwave waveforms, triangular waveform signal plays a very important role in optical frequency conversion, pulse compression and signal copying [2] , [3] . Thus, research on photonic methods for triangular waveform generation is a significant work. Among the proposed approaches, Fourier synthesis is a popular way, in which triangular waveforms are generated through manipulating phases and amplitudes of spectral lines of a broadband comb spectrum. For example, triangular waveform generation has been successfully demonstrated by using a spatial light modulator (SLM) for manipulating hundreds of optical spectral lines independently [6] . In this method, the parameters of spectral lines are controlled in spatial optical paths with high technology requirement. Frequency-to-time mapping (FTTM) [7] , [8] provides another possibility of generating triangular waveform from a broadband comb spectrum, but the parameters of optical spectral lines are controlled in whole. Although this scheme is relatively simple, the accuracy and flexibility is not good enough. According to these two approaches above, mode-locked lasers (MLL) are usually required to provide broadband comb spectrum, which leads to a high system cost: <100% duty cycle of the generated triangular waveforms.
External modulation of a continuous wave (CW) is another effective way to produce triangular waveform, in which CWs are used as initial light source and the triangular waveforms generation with full duty cycle can be realized by the manipulations of modulation sidebands. These kinds of methods have gotten a lot of attention in recent years and show good performance, such as, dual-parallel Mach-Zehnder modulator (DP-MZM) combined with dispersion elements [9] - [11] or tunable optical band-pass filter (TOBF) [12] , a polarization modulator (PolM) inserted in a Sagnac Loop [13] , single-drive MZM based on optical interleaver (OI) [14] , microwave photonic filter (MPF) [15] , stimulated Brillouin scattering (SBS) [16] , and polarization-dependent modulation efficiency [17] . Through these schemes, it can be seen external modulation could effectively reduce the complexity of experimental operation.
Summing up the schemes above, all of them are based on frequency-domain operation. However, signal generation can also be conducted from time domain. Two of such schemes have been proposed in ref [18] [19] , in which optical fields are modulated by a MZM with a sinusoidal driving signal and the desired triangular waveform can be obtained by the superposition of signal envelopes with frequency multiplexing and proper time delay [18] , or directly overlapping two modulated signal envelopes [19] . These approaches show good performance with convenient and accurate control.
One can find, from [9] - [19] , an external microwave source is always required to drive a modulator for the generation of triangular waveform signals. Considering that an optoelectrionic oscillator (OEO) could generate high-quality microwave signals, optoelectronic oscillators (OEOs) based triangular waveform generators were reported [20] - [22] . In these works, microwave sources are replaced by single-loop OEOs, but they are independent from the triangular waveform generation module. This means more electrical or optical devices have to be used and no significant improvement has been introduced for both OEO system and triangular waveform generator.
In this paper, a simultaneous triangular waveform signal and microwave signal generator is proposed and demonstrated. The proposed configuration is very similar to a traditional dual-loop OEO [23] - [24] , but the operation parameters are different. This generator can not only output triangular waveform signal but also obtain microwave signal simultaneously. Furthermore, this scheme keeps all the advantages of a traditional dual-loop OEO and significantly extents an OEOs' concepts and applications.
Principle
The schematic diagram of the proposed triangular waveform signal and microwave signal generator is illustrated by Fig. 1 . Two continuous waves (CWs) with different central wavelengths are emitted from two laser diodes (LDs). After independent polarization state adjusting via polarization controllers (PC1 and PC2), these two optical fields are coupled by a wavelength division multiplexer (WDM1) and enter a MZM driven by the feedback signal. The modulation depth is controlled by an electrical amplifier (EA) and a variable electrical attenuator (VEA). Following the MZM, a pair of WDMs (WDM2 and WDM3) are used to form two wavelength channels, in which a roll of single-mode fiber (SMF1) and a tunable optical delay-line (TODL) are placed in the upper channel, and another roll of single-mode fiber (SMF2) is inserted in the lower channel respectively. It should be emphasized here that these two channels are not only to contribute a dual-loop configuration in this OEO system, but also to introduce a tunable phase shift between two oscillation signal envelopes by adjusting the TODL in the upper channel. Once the modulation depth of the MZM and the envelope phase shift between two oscillation signals is properly set, a triangular waveform signal is generated at point A by overlapping the two oscillation signal envelopes on the photodetector(PD), and an electric microwave signal can be obtained simultaneously at point B after the detected signal is filtered by an electrical bandpass filter (EBPF).
Mathematically, the optical field emitted from LD1 can be written as E 1 (t) = E 0 cos(ω 0 t) ( 1 ) where E 0 is the optical field amplitude, and ω 0 is the angular frequency. When the optical field is modulated by a MZM with a sinusoidal driving signal, the modulated optical field is expressed as E 1 (t) = E 0 cos(ω 0 t) cos ϑ 2 + β cos t (2) where ϑ = πV bi as /V π is the phase shift determined by the dc-bias voltage V bi as , V π is the modulator's half-wave voltage, and β is the modulation index of the MZM expressed as β = πV m /2V π . V m and are the amplitude and angular frequency of the driving signal. If the MZM is biased at quadrature point (ϑ = π/2), equation (2) can be rewritten as
Applying Jacobi Anger expansion to (3), one can get
where J n = J n (β) is the first kind of Bessel function with order n. Due to the modulation nonlinearity, many modulation sidebands may be appeared in the optical spectrum, whose intensity depends on the features of Bessel functions by the parameter β and decrease sharply with the increase of n. Thus, Eq. (4) approximately neglect the higher order sidebands and only consider the first three ones. Equation (4) turns into
Subsequently, the modulated optical field passes through SMF1 and an ODL in upper channel, which introduces a tunable phase shift of τ determined by a fixed loop length and a TODL before arriving the PD, and therefore, the optical field can be expressed as
After detecting the envelope of the optical field expressed as Eq. (6) by the PD, the corresponding photocurrent i 1 (t) is given by
Similarly, the optical field emitted from LD2 experiences the same process as LD1 but with a phase shift of τ only determined by the fixed loop length. Therefore, τ is a constant. The optical field from LD2 entering PD can be expressed as
and the corresponding photocurrent i 2 (t) is given by
When the dual-loop system works, the envelopes of the two modulated optical field with different phase shift are overlapped on the PD, and the total photocurrent i (t) is expressed as
where ζ = 2J 1 J 2 − 2J 0 J 1 − 2J 2 J 3 , φ = J 1 2 − 2J 0 J 2 − 2J 1 J 3 , and η = 2J 0 J 3 + 2J 1 J 2 . Fig. 2(a) depicts the relationship between the modulation index and the coefficient ratio of |ζ/η|. It should be emphasized that the channel spacing of the WDMs must be much larger than the bandwidth of the PD and thus the beating noise from these two independent LDs can be excluded. As shown in Fig. 2(a) , in order to match the requirement of Fourier series expansion of an ideal triangular waveform, the coefficient of |ζ/η| should be 9 (corresponding to the modulation index-β of 0.752). Fig. 2(b) depicts the relationship between the modulation index and the coefficients of first-, secondand third-order harmonics of photocurrent. Since ϕ is very small and closed to zero, as shown in Fig. 2(b) , we can only consider the first-and third-order harmonics of the photocurrent. Therefore, (10) is given by
If (11) satisfies the condition (τ − τ ) = kπ + π/2 (k is an integer), it can be rewritten as Because τ is a constant,and for any integer k, we have
Equation (12) 
Equation (14) proves that the synthesized result is in agreement with the first two order of Fourier series expansion of the ideal triangular waveform. As shown by Fig. 3 , the corresponding stimulation results also show a triangular waveform can be generated at port A by synthesizing two properly modulated square-like envelopes expressed as Eq. (7) and Eq. (9) in time domain, where the two signal envelopes has phase difference of kπ + π/2. After the synthesized triangular waveform signal is filtered by an electrical bandpass filter centered at the first-order harmonic frequency, only the first-order harmonic component can be passed and a microwave signal is achieved at port B. This microwave signal can be used as the driving signal for feedback modulation. For OEOs, the oscillations are set up once the gain of the first-order harmonic component is equal to its loss. Therefore, the variety of the modulation depth only leads to different power ratio among high-order harmonic components, which has no obvious influence on the quality of output signals of OEOs. Thus, the microwave signal and triangular waveform signal can be achieved simultaneously in this system and keep all the benefits of an dual-loop OEOs. 
Experimental Results and Discussion
In order to reveal the performance of the proposed scheme given by Fig. 1 , an experimental demonstration is carried out. At first, the characteristics of a single-loop OEO are investigated by breaking either wavelength channel respectively.
When LD2 is disconnected (case 1), LD1 outputs continuous wave (CW1) at 1546.52 nm with output power of 8 dBm. After polarization state adjustment by PC1, CW1 is coupled into WDM1 and enters the MZM. In this case, the MZM is biased at quadrature point and driven by the feedback signal generated in this single-loop OEO. After the MZM, the modulated signal goes through a SMF1 and TODL in the upper channel formed by a pair of WDMs (WDM2 and WDM3). A PIN PD with bandwidth of 50 GHz is used to detect the optical envelope of the modulated signal and an EBPF with bandwidth of 80 MHz centered at 5 GHz is employed to select the oscillation frequency. Once the loop gain reaches oscillation threshold, a microwave signal with frequency of 5 GHz can be generated, which is then applied on the MZM for feedback modulation after power adjustment by an EA and VEA in order to ensure the modulation index is 0.752. At point A, the measured electrical spectrum and waveform is given by Fig. 4(a) . From the figure, the power ratio between the 1st and 3rd order tune is 19.08 dB and the inset shows a square-like waveform. Both of the electrical spectrum and waveform are in accordance with the theoretical predication shown by Fig. 2 and Fig. 3 . At point B, a 5-GHz microwave signal is obtained by filtering out the high order harmonics, whose electrical spectrum is given by Fig. 4(b) . The measured side-mode spacing is 96.5 KHz which is consistent with the loop length of a 2.03 km mainly determined by SMF1 and a TODL. The side-mode suppression ratio (SMSR) is measured to be 49.06 dB. According to Fig. 4(c) , one can read the corresponding single sideband phase noise is −102.1 dBc/Hz at 10 kHz frequency offset.
Similarly, when LD1 is disconnected (case 2), another single loop OEO with operation wavelength of 1549.30 nm is established, which keeps all the experimental parameters but the loop length is changed as 3.02 km mainly determined by SMF2. The electrical spectrum and waveform observed at point A is given by Fig. 4(d) . From the figure, the oscillation signal has the same spectral property and envelope profile as the case 1. After EBPF (at point B), the detailed electrical spectrum is given by Fig. 4(e) which presents a side-mode spacing of 66 KHz corresponding to its loop length and the measured SMSR is 49.99 dB. In this case, the single sideband phase noise is −103.58 dBc/Hz at 10 kHz frequency offset as shown in Fig. 4(f) , which is slightly better than that of case 1 because the longer cavity leads to the higher Q value.
According to the measurement above, one can find that the oscillation is able to be established in the proposed OEO system under the modulation depth of 0.752, which still shows the similar characteristics as conventional modulation condition. When both LDs are connected (case 3), a dual-loop OEO system is formed. By properly adjusting the TODL in the upper wavelength channel, a full duty cycle triangular waveform signal with repetition frequency of 5 GHz is achieved at point A, due to the envelopes superposition of these two oscillation signals on PD. The measured electrical spectrum and waveform is shown in Fig. 5(a) . It can be seen that the power ratio between the first-order and the third-order harmonic is 19.08 dB identical to the theoretical value. Meanwhile, the measured waveform verifies a triangular signal is generated, which agrees with the stimulation results very well. After the EBPF, the electrical spectrum of the generated microwave signal at point B is provided by Fig. 5(b) . Comparing Fig. 5(b) and Fig. 4(b) ,(e), the SMSR has been greatly improved and the measured value is read as 66.91 dB. The residual sidemode presents a mode spacing of 193.5 KHz, which is just the common multiple of 96.5 KHz and 66 KHz determined by two loops, respectively. In addition, Fig. 5(c) shows the corresponding phase noise performance. It is clear that the phase noise performance has no much degradation compared with the single-loop cases.
Finally, in order to study the influence caused by modulation depth variation in the proposed system, the MZM is operated at linear region by decreasing the modulation signal power (case 4). 6(a) shows the measured RF spectrum and the corresponding waveform at point A. Compared with Fig. 6(a) , small modulation depth leads to very weak modulation nonlinearity, and the higher order frequency components are greatly suppressed. The oscillation signal is transferred from a triangular signal to a sinusoidal signal. Fig. 6(b) gives the detailed electrical spectrum measured at point B, which indicts the microwave signal has good quality. Moreover, comparing the phase noise performance under two modulation depths shown by Fig. 6(c) , there is almost no difference between two cases. Therefore, it shows that the variety of the modulation depth does not affect the quality of the generated microwave signal in OEOs.
From all the experimental results above, the proposed scheme can be regarded as a coupled triangular waveform signal and a microwave signal generator compared with traditional OEO system. The repetition frequency of the generated triangular signal and microwave signal could be changed by using another EBPF with different central frequency. In addition, the dual-wavelength structure could also be replaced by a dual-polarization structure as reported in [24] , in which there is only one light source is required. However,the dual-loop OEO based on wavelength multiplexing can eliminate the influence of the random polarization perturbation caused by environment and simplify the polarization control operation in experiment.
Conclusion
In conclusion, a self-starting triangular waveform generator is embedded in dual-loop OEO has been proposed and experimentally demonstrated. In the system, if the modulation index is set to be 0.752 and time delay between the two modulated envelopes is tuned to be kπ + π/2 by adjusting TODL, the triangular waveform can be generated by the superposition of two modulated envelopes. This scheme not only generates triangular waveform before EBPF but also keeps all the advantages of a traditional dual-loop OEO to generate high-quality microwave signal after EBPF simultaneously. Moreover, the change of the modulation depth has no much influence on the microwave signal quality. If a tunable EBPF is used in the system, a tunable triangular waveform and microwave signal source could be achieved.
